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Abstract 
The tissue equivalence of diamond allows for accurate radiation dose determination without large 
corrections for different attenuation values in biological tissue, but its low Z value limits this advantage 
however to the lower energy photons such as for example in Mammography X-ray beams. 
  This paper assays the performance of nine Chemical Vapour Deposition (CVD) diamonds for use as 
radiation sensing material. The specimens fabricated in wafer form are classified as detector grade, 
optical grade and single crystals. 
  It is well known that the presence of defects in diamonds, including CVD specimens, not only dictates 
but also affects the responds of diamond to radiation in different ways. In this investigation, tools such as 
electron spin resonance (ESR), thermoluminescence      
 (TL) Raman spectroscopy and ultra violet (UV) spectroscopy were used to probe each of the samples. 
The linearity, sensitivity and other characteristics of the detector to photon interaction was analyzed, and 
from the I-V characteristics. 
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  The diamonds categorized into four each, of the so called Detector and Optical grades, and a single 
crystal CVD were exposed to low X-ray peak voltage range (22 to 27 KVp) with a trans-crystal polarizing 
fields of 0.4kV.cm-1, 0.66kV.cm-1 and 0.8kV.cm-1. 
   The presentation discusses the presence of defects identifiable by the techniques used and correlates the 
radiation performance of the three types of crystals to their presence. The choice of a wafer as either a 
spectrometer or as X-ray dosimeter within the selected energy range was made. The analyses was 
validated with Monte- Carlo code (PENELOPE) 
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1. Introduction:  
The advent of chemical vapour deposition (CVD) technique, has overcome the known drawbacks of 
natural diamonds as radiation probe and has allowed for its application in high Į-counting efficiency [11], 
and in x-ray nuclear dosimetry to be exploited by many researchers [ 1]. 
  In general epitaxy on foreign substrates leads to a polycrystalline diamond with detector and optical 
properties of grain boundaries that precludes its use in some of the desired application. The combined 
charge mobility (electrical behavior) depends on the film quality, carrier density, grain size, higher 
growth temperature and purity of the diamond film [13]. Grain boundaries are believed to act as charge 
trapping and recombination centres in polycrystalline CVD diamond [10]but absent in single-crystal CVD 
diamond[5]. 
Single crystal CVD diamond with the reported carrier transport properties could surpass other wide band 
gap materials for power and high frequency electronics application [6]. The interaction of photon-
generated carriers with traps and defects in the band gap has been investigated [14]. Single substitutional 
nitrogen (Ns) has a recombination efficiency which compromises the response [ 3;8]. However, high Ns 
concentration was also observed to lower the electron trap levels when compared with specimens 
synthesized with lower Ns concentration [12]. Diamond has been used as a thermoluminescence 
dosimeter [12], and as a radiosensitive resistor [2]. Electron spin resonance (ESR), can be accurately used 
to determine the concentration of Ns but Ultraviolet (UV) absorption are normally used to determine 
nitrogen complexes [3;12;11]. UV visible absorption results show that, compared to un-doped film, 
nitrogen-doped films have a higher relative intensity of UV absorption [8].   Incorporation of nitrogen 
leads to a chemical shift and a reduction in Raman peak intensity [8]. Thermoluminescence (TL) occurs 
in crystal due to the radiative recombination of previously trapped charge carriers, at luminescence 
centres. The larger the concentration of these centres, the higher the higher the TL yield [12].  
The increase in use of radiation as a clinical diagnostic tool in recent years coupled with the demands for 
improved measurements of radiation beams to allow for greater control over treatment motivated this 
work.  Presently, ionization chambers and silicon diodes are the most widespread dosimeters in this field. 
While ionization chamber has low spatial resolution and sensitivity, the silicon diode suffers from 
radiation damage and hence decreases in performance with time and has a limited life, therefore. 
Diamond has the advantage of being a tissue equivalent material and non toxic, thus making it suitable for 
in-vivo usage. Diamond has also been used as a probe in electro radiation therapy; as a sensor for 
© 2012 Published by Elsevier B.V. Selection and/or peer review under responsibility of the organizing committee for 
TIPP 11.
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measuring low X-radiation [1;4]. In this work dosimetric feature of CVD diamond samples were assayed 
by means of their response to changes in X-ray peak voltage (kVp) and with changes in applied electric 
field as relates the characteristics of the CVD samples analyzed previously and reported elsewhere [11]. 
Unlike the previous report where the correlation of selected impurities to the performance of CVD as 
charged particle detectors [11] was reported, the present motive is to observe some special features of the 
sample, measure its dosimetric values and relate the unique properties of each sample grade to its 
response to X-ray photons. Monte Carlo (PENELOPE) simulation was used to confirm our interpretation 
of certain aspects of the experimental results. 
  
 2. Experimental Method 
       Information about the level and types of impurities, especially nitrogen, was sourced for different 
grades of CVD diamonds identified by the supplier as optical grade (OG), detector grade (DG) all 
polycrystalline and a single crystal (SC) and reported elsewhere [1]. The measurement of the I-V 
characteristics of the detector-probe assemble were made using a Keithley 237 unit for biasing and for 
measuring the output signal over the range 0-500V for the polycrystalline diamonds and a range of 0-
1000V for the single crystal. The resistivity of each wafer was calculated from the measured values.  
 The different grades of CVD diamond of dimensions 5x5x0.5 mm was biased at voltages of between 
100V to 400V and exposed to X-ray photons from a Mammography unit (Senographe 500t) placed at a 
distance of 50cm from the tube. Nominal tube voltage settings from 22kVp to 27kVp were used to expose 
both the CVD diamond wafers together with a PTW diados 11003-1121 reference detector for 
consistency and reproducibility of measurements. Integrated responses (at 2s integration time) with 
applied electric field of 0.4kVcm
-1, 0.6kVcm-1 and 0.8kVcm-1 were measured for each of the specimen. 
 The responses of the CVD diamond wafers, were monitored and recorded using a wellhofer dosimetric 
CU500E control computer 232C-A. For data acquisition a software package WP600 version 4.26C was 
used. Using the different detector masses shown in Table1a the dose values were calculated.  
A Monte Carlo code system for simulation of electrons and photon transport (PENELOPE) was used to 
simulate the response values from generated X-ray spectra mimicking the experimental energy range (22 
kVp to 27kVp). 
 
3 Results and Discussion 
The current-voltage (I-V) characteristics for all the three diamond grade types are as shown in Figure 1. 
The reciprocal of the gradients of the curves was used to calculate the resistivity values for each of the 
crystal types. Averaged resistivity values of 1.25 x 1014 m for the Single Crystal, 2.5 x 1013 m for the 
Detector Grade and 1.25 x 1013 m for the Optical Grade were obtained. 
Tables 1(a –c) shows that for each of the applied electrical fields the X-ray energy was also 
varied from 22kVp to 27kVp. The Detector Grade (DG) diamonds, on average, gave the higher response. 
In particular DG3 displayed, consistently, the highest response for all variations of peak voltage (kVp) 
settings at each of the applied electric fields when compared to both the Optical Grade CVD and Single 
Crystal CVD diamonds. 
The Single Crystal was also observed to perform consistently better than all of the Optical Grade 
detectors and a particular Detector Grade (DG1) in terms of sensitivity. 
Figure 2 shows the response at electrical field of 0.4kV.cm-1, 0.66kV.cm-1 and 0.8kV.cm-1 of the 
wafers falling under the DG classification, to be linear with changing peak voltage setting. The sensitivity 
of the detectors was calculated from the gradient of the X-ray doses versus peak voltage values. The 
performance of the detector grade (DG3) observed with higher sensitivity (dose/kVp) revealed the 
inherent safety features of the Mammography X-ray unit to limit the extent X-ray photons can be emitted. 
This is observed as the crossing of the dose values at 27kVp for 300V and 400V bias settings Fig.2. The 
sensitivity of the diamond grades was also observed to consistently increase until the electric field attains 
the maximum field value of about 0.6kVcm-1 (300V bias) before saturating Fig.2.   
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 Figure 3 is a plot of the response rate with change in kVp settings for the Optical Grade CVD 
diamond at an applied electric field of 0.6kVcm-1. Here the response is observed to saturate at higher kVp 
settings of between 25 kVp to 27 kVp. This is unlike the doses of the single crystal detector with linear 
and positive gradient Fig.4.  
The linear and positive gradient values for the Detector Grade and Single crystal is observed to 
show a decrease above 300V bias. This could be ascribed to recombination of the charges when highly 
sensitized or biased [7; 14] else it could be due to a reduction in the internal field due to polarization and 
the consequent capture release mechanism [15]. 
Variation of dose rate with applied electric field for a Detector Grade (DG1) at energy 22kVp, 
Optical Grade (OG2) at 24kVp and the Single Crystal at 27kVp respectively indicates positive linearity to 
increase in the applied electric field, but at a bias voltage of 25kVp the polycrystalline CVD diamonds 
responds to the electric field becomes non linear and different from the single crystal’s which remained 
consistently linear and sensitive.  
Figures 5 to 7 and Figure 8 illustrates the variation in X-ray response with the parameters 
relating their defects and impurity levels. Depicted are the changes of the X-ray response with Raman 
broadening, thermoluminescence response, single substitutional nitrogen concentration and UV 
absorption for both Optical and Detector Grade specimens with both Fig. 6 and Fig. 8 having negative 
gradients. This implies therefore, the adverse influences the presence of single substitutional nitrogen and 
Raman related defects have on all the polycrystalline detectors at all the kVp setting and applied electric 
field considered. 
In contrast Fig. 5 illustrates, for the Detector and Optical Grades, the increase in X-ray response with 
increase in TL emission at all energies and applied electric fields. Unlike Fig. 6 which shows the general 
adverse effect that the presence of single substitutional nitrogen has on the response of detectors to 
photons, it was also observed Fig.7 that within a certain limited range of single substitutional nitrogen 
concentration values (3.5ppm to 5ppm), a slight improvement in response is observed. At concentrations 
above the 5ppm level a drop in response is implied. This suggests the presence of interplaying effects the 
presence of single substitution nitrogen and UV absorption nitrogen vacancy complex have on the 
detectors. It could be that within the (3.5ppm to 5ppm) single substitution nitrogen concentration, the UV 
effect dominates the detector response and, as the single substitutional nitrogen concentration increases 
beyond 5ppm recombination comes into play, resulting in the effect observed in the detectors response. 
This could be a reason for the relatively better performance of the Single Crystal. The same observation 
of the decrease in sensitivity with the presence of UV absorption nitrogen (the UV absorption value of 
above 1.5 cm
-1) could be due to the more dominating role of ESR nitrogen coming into play above the 
5ppm level giving rise to the observed decrease in the detectors sensitivity Fig. 9. 
Figure 10 compares the observed trend of the simulated X-ray response for pure diamond with 
metallized contacts using the PENELOPE Monte Carlo Code to the experimental responses. The 
simulated model takes into account the effects of the platinum, titanium and gold contacts on the 
diamond. The simulated plot indicates a linear response with a negative trend while the polycrystalline 
and the single crystal CVD diamond plots depicts a positive gradient and linear for the SC and DG plots 
whilst the OG plot saturating above 25kVp. It is suggested that the difference in the gradients of the two 
plots (Fig.2 and simulation plot in Fig.10) is an indication of the influence the presence of 
impurity/defects concentration has on the performance characteristics of CVD diamond; viz. they have a 
positive influence on the sensitivity, linearity and gradient of response of the wafer to impinging photons. 
It is further indicated in fig.2 that the simulated plot is less sensitive with a negative gradient of 0.03 when 
compared to the CVD diamond wafers which all contains impurities and/or defects that sensitize them to 
an average positive gradient of 0.28. 
 
4 Conclusions 
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The analyses of the low energy X-ray dose with the three grades of wafers (DG, OG and SC) were based 
on the sensitivity and the linearity of their response at different kVp settings and at different applied 
electric fields. The presence of defect related parameters and impurities of the wafers were also used to 
further explain the observations made on the sensitivity and linearity when used as detectors. The 
observed differences in resistivity of the specimens are part of the reason for the observed differences in 
the X-ray dose. It also explains the reason for the observed lower X-ray dose of the Single Crystal, 
despite its relative purity in terms of defects and impurities. 
The single Crystal and Detector Grade CVD diamond specimens are observed to perform 
linearly with the variation in X-ray response with the X-ray peak voltage setting (kVp) while the Optical 
Grade saturates at peak voltage setting above 25kVp. 
All the CVD types (DG, OG and SC) are observed to behave consistently, displaying increase in 
sensitivity with increase in applied electric field (between 0.4 kV.-1cm and 0.8kV.cm-1) up to an optimum 
value of about 0.6kVcm-1. The sensitivity values then saturate with further increase in applied electric 
field. 
The study has shown that both the response (linear or non-linear) and the sensitivity of the 
wafers to X-ray photons are susceptible to the presence of defects in the crystal. These defects contribute 
either positively (as in the case of Detector Grade) or negatively (as in the case of the Optical Grade) to 
the performance of the detector. This observation is supported by the simulated response to X-ray photons 
of a pure diamond which is observed to be less sensitive and its response, decreases with increasing peak 
energy. The Detector Grade and Single Crystal CVD diamonds are observed to be consistently better in 
performance as X-ray probe in terms of linearity and sensitivity than the Optical Grade diamond. 
One of the reasons for the relatively low performance of the Optical Grade specimens as X-ray 
sensors could be ascribed to the observed characteristics of the diamond wafers namely the much higher 
presence of single substitutional nitrogen concentration. The other reason for the consistently poor 
performance of the Optical Grade could be attributed to the presence of the relatively larger concentration 
of grain boundary related type of defects that are associated with observed Raman broadening; giving rise 
to trapping and de-trapping of charge carriers. The presence of single substitutional nitrogen and the 
overall lower availability of created charged carriers at higher kVp setting are presented as the possible 
reason for the indicated saturation at the higher X-ray peak energies. 
The relatively better performance of the Detector Grade in general and DG3 in particular could, 
on the other hand, be related to the impurity concentrations analyzed by UV absorption values. This could 
also be the reason for the observed improved performance of a Single Crystal CVD diamond. For a 
choice of X-ray dosimeter, the specimen must have a high TL emission and UV absorption but a low 
Raman broadening and single substitutional nitrogen concentration. The preferred choice, based on our 
analysis, is the Detector Grade (DG3 in particular) CVD diamond however the most consistent wafer 
tested was the Single Crystal. 
 
Tables 
Table 1a : X-ray response rate at 200V bias and the characteristics data for DG, OG and SC CVD diamond wafers 
X-ray response (nGy) at 200V bias 
 Detector 
Type 
 Mass(mg) 
Raman 
FWHM 
(cm
-1
) 
TL 
(arbt. 
Unit) 
ESR 
(ppm) 
UV 
(cm
-
1
) 
22 
kVp 
23 
kVp 
24 
kVp 
25 
kVp 
26 
kVp 
27 
kVp 
DG1 9.31±0.02 2.64 1146.8 3.5 0.51 0.40 0.51 0.58 0.78 0.99 1.14 
DG2 9.06±0.02 2.57 881.2 4 1.93 0.49 0.75 1.19 1.33 1.48 1.78 
DG3 8.59±0.02 2.63 2023.7 5 1.03 0.58 1.24 1.78 2.13 2.69 3.12 
DG4 8.46±0.02 2.55 813.8 5.3 1.9 0.51 1.08 1.30 1.40 1.50 1.75 
 Y.I Zakari /  Physics Procedia  37 ( 2012 )  950 – 959 955
OG1      9.225±0.02 2.59 154.5 42.9 3.86 0.19 0.44 0.61 0.78 0.88 0.96 
OG2 8.31±0.02 2.78 83.2 71 3.52 0.13 0.42 0.72 0.96 1.04 1.14 
OG3 9.22±0.02 2.76 140.5 53.6 3.48 0.11 0.43 0.79 0.93 1.19 1.04 
OG4 8.67±0.02 2.81 93.2 62.5 3.59 0.18 0.43 0.50 0.75 0.87 1.00 
SC 9.22±0.02 2.32 25 1 0.88 0.25 0.59 0.71 0.93 1.02 1.21 
 
 
 
 
Table 1b: X-ray response rate at 300V bias and the characteristics data for DG, OG and SC CVD diamond wafers 
X-ray response (nGy) at 300V bias 
 
Detector 
Type 
Raman 
FWHM 
(cm
-1
) 
TL 
(arbt. 
Unit) 
ESR 
(ppm) UV (cm
-1
) 
22 
kVp 
23 
kVp 
24 
kVp 
25 
kVp 
26 
kVp 
27 
kVp 
DG1 2.64 1146.8 3.5 0.51 0.76 1.17 1.86 2.49 3.10 3.45 
DG2 2.57 881.2 4 1.93 0.99 1.48 2.30 2.74 3.15 3.73 
DG3 2.63 2023.7 5 1.03 1.23 1.65 2.36 3.74 4.04 4.54 
DG4 2.55 813.8 5.3 1.9 1.06 1.51 2.09 2.40 3.11 3.38 
OG1 2.59 154.5 42.9 3.86 0.63 1.02 1.77 1.85 1.92 2.02 
OG2 2.78 83.2 71 3.52 0.72 1.06 1.54 2.20 2.36 2.45 
OG3 2.76 140.5 53.6 3.48 0.75 1.17 1.59 1.81 2.08 2.17 
OG4 2.81 93.2 62.5 3.59 0.67 1.1 1.56 1.86 2.06 2.18 
SC 2.32 25 1 0.88 0.41 0.80 1.09 1.24 1.44 1.67 
 
 
Table 1c: X-ray response rate at 400V bias and the characteristics data for DG, OG and SC CVD diamond wafers 
 
 
Figures 
 
Figure 1: Variation of current with bias voltage for Detector Grade, Optical Grade and SC CVD diamonds 
X-ray response (nGy) at 400V bias 
   
Detector 
Type 
Raman 
FWHM 
(cm
-1
) 
TL 
(arbt. 
Unit) 
ESR 
(ppm) 
UV 
(cm
-1
) 
22 
kVp 
23 
kVp 
24 
kVp 
25 
kVp 
26 
kVp 
27 
kVp 
DG1 2.64 1146.8 3.5 0.51 1.10 1.61 1.96 2.56 3.19 3.66 
DG2 2.57 881.2 4 1.93 1.20 1.70 2.35 2.69 3.31 3.87 
DG3 2.63 2023.7 5 1.03 2.00 2.38 3.04 3.85 4.14 4.66 
DG4 2.55 813.8 5.3 1.9 1.35 1.65 2.20 2.51 4.04 3.92 
OG1 2.59 154.5 42.9 3.86 1.00 1.07 1.81 2.01 2.17 2.36 
OG2 2.78 83.2 71 3.52 1.06 1.20 1.87 2.24 2.47 2.54 
OG3 2.76 140.5 53.6 3.48 0.95 1.13 1.90 1.98 2.23 2.31 
OG4 2.81 93.2 62.5 3.59 0.97 1.37 1.61 1.93 2.09 2.28 
SC 2.32 25 1 0.88 1.05 1.23 1.41 1.65 1.86 2.21 
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Figure2: Variation of X-ray response with peak voltage for Detector grade (DG3) CVD diamond at different bias voltages 
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Figure 3: Variation of X-ray response with peak voltage for Optical Grade CVD diamonds at 400V bias 
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Figure 4: Variation of X-ray response with peak voltage for Single Crystal CVD diamond at 400V bias 
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Figure 5: Variation of X-ray response with TL emission for Detector and Optical Grade CVD diamond detectors 
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Figure 6: Variation of X-ray response with single substitutional nitrogen concentration for detector and optical grade CVD 
diamond detectors 
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Figure 7: Variation of X-ray response with UV absorption for Optical grade CVD diamond detectors at a peak voltage of 
22 kVp and 200 V bias 
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Figure 8: Variation of X-ray response with Raman broadening for Detector and Optical Grade CVD diamonds wafers at 
peak voltage of 22 kVp and 200 V bias 
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Figure 9: Variation of sensitivity with bias voltage for Detector Grade (DG3), Optical Grade (OG1) and Single Crystal 
CVD diamonds 
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Figure 10 : Comparison of actual responses with peak voltage for SC, DG, and OG at 200v bias with that of a simulated 
response for a pure diamond using Monte Carlo Code PENELOPE 
 
0
0.5
1
1.5
2
2.5
3
21 22 23 24 25 26 27 28
Peak vol tage (kVp)
A
rb
. 
U
n
it
SC
DG
OG
Simulated
 
5 References 
1. Assiamah M, Nam TL and Keddy RJ 2007. Appl. Rad. and Isot. 65 545 
2. Burgemeister EA 1981. Phys. Med. Biol. 26(2) 269 
3. Davies G 1999. PhysicaB 15 273 
4. Grobbelaar JH, Burns RC, Nam TL, and Keddy RJ 1991. Nucl. Instrum. Methods. Phys. Res. B 61 553 
5. Hemmersberg J, Isberg J, Johansson E, Lundstrom T, Hjorstain O and Bernhoff H 2001. Diamond and 
Related Materials 10 574   
6. Isberg J, Hammersberg J, Johansson E, Wilstrom T, Twitchen D J, Whitehead A J, Coe S E and 
Scarsbrook G A 2002. Science 297 1670 
7. Iakoubovskii K, Stesmans A, Suzuki K, Sawabe A and Yamada T 2002. Phys. Rev. B66, 113203 
8 Kuo M T  May P W and Asford M N R 2001. Diamond and Related Materials 10 889 
9. Manfredotti C, Fizzotti F, Vittone E, Polesello P, Jaksic M, Fazinic S and Bogdanovic I 1996. Italian 
Physical Society 52 59 
10. Marinelli M, Milani E, Paoletti A, Tucciarone A, Verona Rinati G, Angelone M, and Pillon M 1998.  
J. Appl. Phys. 89 1430 
11. Mavunda RD, Zakari YI, Nam TL, Keddy RJ 2008. Appl. Rad. and Isot.  
12. Nam TL, Karfunkel U, Keddy RJ and Every AG 1991. Radiation effect and defects in solids 116, 233 
13. Nebel CE 2003. Semicond. Sci. Technol. 18 S1 
14. Sellin P J Lohstroh A, Davies A W, Galbiati A, Parkin J, Wang S G and Simon A 2007. Nucl. 
Instrum. And Methods in Phys Res. B260  293   
15. Souw EK and Meilunas 1997. Nucl. Instrum. and Methods in Phys. Research A 400 69 
 
 
 
